The effect of dietary fibre and starch content on digestibility, microfaunal population and caecal function was investigated in a subterranean mole-rat, Heterocephulus gfaber (Rodentia). Mole-rats were fed on a diet of either sweet potato (neutral-detergent fibre (NDF) 65 g/kg dry matter (DM), starch 638 g/kg DM) or earrot (NDF 157 g/kg DM, starch 258.7 g/kg DM) for 4 weeks. Daily intake and faecal output were monitored. Thereafter caecal microfaunal population, density and function were assessed using light and scanning electron microscopy and by measuring both gas and short chain fatty acid (SCFA) production. A 2.4-fold increase in fibre and 2.5-fold decrease in starch content resulted in a decrease in caecal D M content (390 g/kg). A concomitant dramatic decline (by 93%) in ciliate protozoa with a corresponding 2-fold increase in bacteria also accompanied this change in diet. Fermentative efficiency as indicated by gas production was 2.6 times greater on a carrot diet than on sweet potato. Microbial fermentation resulted in higher SCFA concentrations on the carrot diet, with a 42 % reduction in SCFA concentration on the sweet potato diet. Here, SCFA contributed 5.1 YO of daily energy expenditure and this increased 5.0-fold on the carrot diet. Caecal micro-organism function, therefore, played an important role in the nutritional physiology of these naked mole-rats, and enabled maximum utilization of the food substrate.
Most of the energy produced by plants is stored in the structural polymers comprising the plant cell walls and plant fibre, yet vertebrates, generally, do not possess the necessary digestive enzymes to tap this energy source. Energy from these plant polysaccharides only becomes available to mammals via micro-organism-controlled fermentation processes which occur primarily in specialized regions of the gut, namely the rumen or caecum. These fermentation chambers contribute significantly to the body mass of the animal, providing a capacious vat in which plant material may be degraded (McBee, 1977; Parra, 1978) . In addition non-digested a-amylase (EC 3 . 2 . 1 . 1)-resistant starch may also accumulate in these fermentation vats and supplement the substrate utilized by microbial organisms (Cummings & Englyst, 1987) .
Tn rodents. fermentation occurs primarily in the caecal region of the hind-gut (McBee, 1977) . The major end-products of this anaerobic process are short chain fatty acids (SCFA; such as acetic, propionic and butyric acids) and gaseous waste products, i.e. carbon dioxide, hydrogen and methane. The SCFA are absorbed during passage through the large intestine and are used as a source of energy by the animal. The actual energy contribution of the SCFA however, may vary with food quality and diet (Rechkemmer et al. 1988) .
The rate of SCFA production alters in response to changes in food quality (McBee, 1970) . Other changes in response to a deterioration in food quality include an increase in food intake (Janis, 1976) and an increase in caecal volume (Sibly, 1981 ; Gross et al. 1985; Yahav & Choshniak, 1991) . Change in caecal volume is attributed to several factors, ie. (1) 2 50 change in food intake and the concomitant change in bulk of contents (Wyatt e f al. 1988) , (2) an accumulation of non-digestible polysaccharides (Wyatt et al. 1988) , ( 3 ) changes in SCFA concentration (Sakata, 1987) , (4) changes in the microbial population (El Harith et a f . 1976 ).
R. B U F F E N S T E I N A N D S . Y A H A V
Despite the plethora of studies on herbivorous nutrition, little is known about digestive modifications increasing nutrient assimilation on poor quality food. It is also not known whether subterranean mammals living on underground plant material employ similar ways of maximiLing food usage. In the present investigation, the influence of dietary fibre content on caecal volume and function was investigated in a subterranean arid zone inhabitant, i.e. the naked mole-rat Heterocephalus glaber (Rodentia ; Bathyergidae).
The distribution of this mammal is restricted to the semi-arid and arid zones of equatorial North East Africa (Kingdom, 1974) . Here, these naked mole-rats lead a strictly subterranean existence (chthonic) in an extensive maze of underground burrows (Jarvis & Bennett, 1990) . These burrows are continually extended in search of food. There is, therefore, a high cost associated with the location of the randomly distributed food supplies (Lovegrove, 1989) and it would be most advantageous to utilize this food efficiently. The roots and tubers constituting the mole-rats' diet are, invariably, relatively high in fibre. In addition, the hind-gut of these mole-rats is proportionately large and is teeming with large numbers of protozoa (Porter, 1957 ; Plate 1). It is, therefore, speculated that fermentation of fibre might be of nutritional importance to these animals.
We therefore examined the importance of micro-organisms in gut function and the effect of diet on microfaunal population, density and activity. Caecal function and efficacy improved when the animals were fed on a diet with a high fibre content and low starch content. This was attributed to marked changes in both caecal size and microfaunal populations.
M A T E R I A L S A N D METHODS
Nineteen mature (2549 g) naked mole-rats born in captivity were used in the study. These animals were fed on a diet of either sweet potato (SP) or carrot (CAR). The nutritional information of these foods is given in Table 1 .
Animal maintenance
Animals were housed individually in metabolic cages in a climatically controlled room. Air temperature was 30 1" and relative humidity was 70-80 YO. All nineteen individuals were fed ad lib. on a diet of SP. Thereafter the diet of nine of these animals was changed to carrot (CAR).
Experimental procedures Naked mole-rats were maintained on each diet for 4 weeks. Body mass, food intake and faecal output were monitored daily for the last 14 d of each treatment. Food samples and faeces were collected and dried to constant mass at 70". Energy values of all samples were then determined by bomb calorimetry (Digital Data Systems). Thereafter all animals were killed by injecting Euthenase (Centaur Labs, Johannesburg) intraperitoneally (200 mg sodium pentabarbitone/ml : 0.01 ml/g body-weight). The gastrointestinal tract was immediately removed intact, and the caecum separated from the rest of the gut. This was weighed, and then mixed to obtain uniform portions of caecal contents. Weighed portions (approximately 0.3 g) were taken and immediately used in the fermentation studies and in the determination of percentage dry matter (DM).
Fermentation capacity
The rates of gas production and SCFA production were measured to determine fermentation capacity. This was done by transferring the weighed caecal sample to a 25 ml Warburg flask and displacing the air within the flask with CO,. The manometric apparatus was kept open allowing the displacement of CO, by the gases produced during fermentation. Thereafter, the flasks were sealed and incubated at 33", the optimal temperature for caecal function in these animals (Yahav & Buffenstein, 1991) . The volume of gas produced in the flasks was monitored every 5 min for 1 h using standard manometric techniques. After each measurement the manometric system was opened to release the gas produced. The rate of gas production at the time the caecum was incised was extrapolated from the exponential relationship between gas production and time, in compliance with the methods of Carol & Hungate (1954) . On completion of gas production measurements, a gas sample was taken directly from the fermentation flask using evacuated tubes. The concentrations of CO,, CH, and H, in the gas samples were determined by gas-liquid chromatography (Perkin Elmer 881).
The rate of SCFA production was determined from the SCFA concentration in caecal samples taken after excising the caecum and those taken after the completion of gas production measurements (McBee, 1970) . Known amounts of sodium hydroxide (100 g/l) were added to each sample. These samples were then stored at -20" for later analysis. The concentration of SCFA was determined using gas-liquid chromatography (Carlo Erba Strumentzione 4200) using pivalic acid as an internal standard.
The DM content was determined by taking weighed portions of caecal contents and drying these at 70" to constant mass.
Micro-organism analysis
Bacteria and protozoa present in the caecal fluid were counted directly using a haemacytometer (1/10 deep) and light microscopy. Portions of caecal fluid were also fixed with glutaraldehyde (100 g/l) and used in scanning electron microscopy. Microbial organisms present in the caecal fluid were thus photographed.
Statistical analyses
All results are expressed as means with their standard errors. A Kolmogorov-Smirnov goodness of fit test was carried out on the raw data and confirmed that the data fitted a normal distribution. Thereafter the unpaired Student's t test (two-tailed) was used to test for significance between the two diets. Results were considered significantly different at P < 0.05. Zar (1984) was consulted for the determination of the appropriate statistics.
R E S U L T S
Over the experimental period, irrespective of diet, body mass did not change by more than 2 YO of the initial body mass (Table 2) . Digestible DM intake and digestibility on CAR was significantly lower (P = 1.3 x lo-' and P = 8.0 x respectively) than that on SP (Table   2) ; however, daily digestible energy intake was similar (P = 0.15) on the two diets. Caecal Table 1 and p. 250. mass was concomitantly lower on the CAR diet (Table 3 ) with a corresponding decrease in DM mass to 35 % of that on SP ( P = 4.2 x  Table 3 ).
Microbial population and density There was a significant change in micro-organism population and density on the two diets (Table 3) . These light microscope findings were supported by scanning electron microscopy
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-50 " 5 T *0° Fig. 1 . Rates of gas production during caecal fermentation in the naked mole-rat (Heterocephalus gluber) when fed on a diet of either sweet potato (SP) or carrot (CAR) (for details, see a-c) ) which showed an abundance of holotrich ciliate protozoa (Plate 1 (h, c) ) on the SP diet and a conspicuous absence of these ciliates on the CAR diet. The microfaunal population when mole-rats were fed on CAR consisted of fewer and smaller flagellate protozoa (Plate 1 (4) and proportionately more (P = 3.9 x lo-') bacteria (Table 3 and Plate 1 (e)).
Gas production Gas production per caecum was similar on both diets (Fig. 1) . However, when gas production is expressed per g caecal DM content, it was 2.6 times higher (P = 8.3 x lo-!') in animals on the CAR diet than in those fed on SP (Fig. 1) . The proportions of the three gases produced during fermentation also differed significantly between diets (Table 4) . On the CAR diet, almost all the gas produced was CO, (91 2 (SE 0.1 1) YO). The proportion of CO, in the total gas production halved (45.2 (SE 6.29)Yo) when the diet was SP, with methane contributing 37.6 (SE 5.76) YO and hydrogen 17.1 (SE 0.78) % of the gases produced.
SCFA
The main SCFA present in the caecal fluid, on both diets, were acetic, propionic and n-butyric acids. The total concentration of these three acids was significantly higher (P = 2.7 x on the CAR diet (Fig. 2) . This was attributed to markedly higher 10 N U T 6 5 concentrations of acetic acid. The rate of SCFA production on the CAR diet was 138.7 (SE 14.0)pmol/caecum per h, and was not significantly different to that (90.75 (SE 24.5) pmol/caecum per h) found in animals fed on SP (Fig. 3) .
D I S C U S S I O N
Caecal digestion and fermentation appears to play an important nutritional role in naked mole-rats. When the fibre content was low and starch content high (SP), digestibility and food intake were higher than those on a CAR diet with a higher fibre content and lower starch content (Table 2) . Most hind-gut fermentors respond to an increase in dietary fibre by increasing food intake and caecal volume (McBee, 1970; Hoover & Heitmann, 1972; Janis, 1976; Gross et al. 1985) , with a concomitant decline in digestibility (Sibly, 1981 ; Van Soest, 1982 ). An alternate response is to maintain food intake on a poor-quality diet and rather increase both the mean retention time and caecal volume. In this way digestibility is maintained (Yahav & Choshniak, 1991) . Naked mole-rats do not follow either of these patterns. Instead, they decrease food intake, food digestibility and caecal contents. Differences in energy content of the two diets (Table l) , however, enabled the maintenance of bodyweight. Constancy of body-weight, in turn, indicated that these animals were not adversely affected by the observed changes in gut function.
Changes in caecal size have been attributed to several causes and currently there are many different and often mutually exclusive theories explaining this phenomenon (Sakata, 1987; Wyatt et al. 1988) . Sakata (1987) attributes increases in caecal size to increases in SCFA production, stimulating epithelial cell growth resulting in mucosal growth. Present findings do not concur with this suggestion. Instead caecal size diminishes with an increase in SCFA concentration and follows the same trends shown by Wyatt et al. (1988) . Caecal enlargement is also attributed to increases in the non-digestible component of the diet, and therefore the bulk content within the caecum (Wyatt et al. 1988) . The converse was true in the present study. Here the higher fibre content of the CAR diet did not result in an increased caecal volume; instead caecal volume declined significantly (P = 4.2 x lo-". A decrease in caecal volume may be explained by decreased food intake (Wyatt et ul. 1988) , gut motility and microfaunal population (El Harith et al. 1976; El Harith &Walker, 1977) . Our findings concur with this theory, for both a marked decline in food intake and also a dramatic change in microfaunal population were observed (Table 2 ; Plate 1 (a-e)).
On the SP diet, the numbers of bacteria and ciliate protozoa were similar. The number of protozoa was unusually high in comparison with that previously reported (Clarke, 1977~) . This is attributed to the high content of starch and soluble sugars present in the fermentation substrate in the caecum (Orpin & Letcher, 1978; Coleman, 1980) . Whilst soluble sugars (including starch) are primarily digested and absorbed in the small intestine, some fractions of starch are resistant to &-amylase and therefore enter the large intestine and caecum. These may then affect both fermentation and colonic function (Cummings & Englyst, 1987) . Given the high-starch content in SP (Table I) , it is highly likely that starch digestion was incomplete. Undigested starch enters the caecum, and provides an abundant energy substrate for microfauna. A large microfaunal population can, therefore, be supported. This manifests itself in a dramatic increase in microfaunal density and number which was most pronounced in protozoa.
These ciliates produce substantially less SCFA per unit volume than do bacteria. Change in microfaunal population with diet, most likely contributed to the observed differences in SCFA concentration on the two diets. Protozoa might inadvertently consume adherent starch-hydrolysing bacteria or they may deliberately prey upon bacteria (Clarke, 1977b) . Increased protozoal numbers (on the SP diet) would thus reduce the number of bacteria in the population (Kurihara et al. 1968) , and affect the fermentative ability (as reflected in SCFA concentration and gas production; Van Soest, 1982) of the caecum still further. A decline in starch concentration in the diet resulted in a dramatic decrease in the number of ciliate protozoa. Their absence might contribute to both the decrease in caecal DM mass and to the increase in the proportion of bacteria in the population.
Gas production per g DM was 2.6 times higher on the CAR diet than on SP, implying that the microfaunal population on the CAR diet better utilized their substrate. This could be attributed to several factors: (I) the amount of fibre for fermentation is higher, (2) the micro-organisms : substrate ratio is improved, (3) protozoa are less efficient in the degradation of fibre (Ryle & IZlrskov, 1987) , (4) a reduction in predatory protozoa results in an increase in the number of bacteria able to execute the fermentation process.
The constituents of gas production were also significantly different on the two diets (Table 4) . On CAR, the gaseous mixture was mainly CO, (91.2%) whereas on SP, CO, contribution halved (4.5 %) with CH, (37 %) and H, (1 7 %) accounting for a substantial portion of the gas mixture. The higher proportions of CH, and H, on the SP diet were attributed to the abundance of ciliate protozoa on this diet compared with that on CAR (Table 3) . Ciliate protozoa produce H, during fermentation (Wolin, 1979) . Liberated H, is promptly used by methanogenic bacteria. These are symbiotically attached to the cilia so as to readily avail themselves of the H, as it is produced and combine both CO, and H, to form CH, (Vogels et ul. 1980) . The decline in protozoa numbers on the CAR diet is therefore accompanied by a concomitant decrease in CH, and H, production. Bergen & Yokoyama (1977) suggested that low rates of CH, production are indicative of a more efficient fermentation process. If this is indeed true, the proportion of gases produced on the CAR diet confirm the greater efficiency of the fermentation process on a CAR diet when compared with that of SP. The fermentation stoichiometry on the CAR diet, however, does not appear to balance, for the proportion of gaseous H, is considerably less than one would expect from the SCFA production rates. We are at a loss to explain this apparent incompatibility.
The total concentration of measured SCFA per g DM was 2.6 times greater on the CAR diet than on the SP diet (Fig. 2) , thus compensating for the poorer quality of the CAR diet. In ruminants, the concentrations of SCFA are inversely proportional to food quality (Van Soest, 1982 ). This appears to hold true for these hind-gut fermentors, where SCFA production increased by the same order of magnitude as did fibre (2.5-fold).
The SCFA produced are an important source of energy to the host animal, in that they are absorbed into the blood and provide an energy-rich substrate for metabolism (Rechkemmer et al. 1988) . The SCFA contributed 9.5% of the digestible energy intake on SP and this increased 2.3-fold to 22.1 O/O of the digestible energy intake on CAR. The contribution of the SCFA to energy expenditure may be estimated using the following assumptions : (1) the volume of digesta remains relatively constant throughout the day (Herd & Dawson, 1984) : this assumption is thought to be valid given the absence of a circadian rhythm in these subterranean animals; (2) the energy released by the SCFA in the caecum is the same as that reported in the literature for each standard energy equivalent (Weast, 1979) ; (3) the energy expenditure of the animals is approximately 2-3 times the resting metabolic rate (Shoemaker et al. 1976) . Using these assumptions, the contribution of SCFA to average daily energy expenditure (given that the resting metabolic rate at an ambient temperature of 30" is 1.00 ml O,/g per h; Buffenstein & Yahav, 1991) would be 5.1 YO on SP and would increase 5-fold (253 %) on the CAR diet. These estimates are not significantly different from those obtained by direct measurements from daily digestible energy intake. The contribution of SCFA to basal metabolic rate ranged between 1 1.6 'Yo on the SP diet, to 58.6% on the CAR diet. These values fall in the mid-range of those previously reported in this manner (Rechkemmer et at. 1988) . Microbial fermentation on the higher-fibre diet, therefore, liberates a larger portion of the energy, trapped in fibre and otherwise unavailable to the host animal. The importance of this energy source to the host animal thus cannot be over-emphasized.
Micro-organisms present in the hind-gut of H . gluher, therefore, play an important role in its nutritional physiology. They enable the naked mole-rat to maximize the energetic returns of high-cost foraging in a subterranean arid-zone ecotope. Despite changes in fibre content of the food, digestibility is maintained at exceptionally high levels (90) (91) (92) (93) (94) (95) . A change in diet quality from 65 to 157 g NDF/kg DM and from 638 to 258 g starch/kg DM resulted in a marked increase in bacterial density and a decrease in that of ciliate protozoa. This alteration in microbial population and density improved the efficacy of fermentation.
Whilst SCFA concentration and rate of gas production per g DM increased significantly on the CAR diet, DM within the caecum declined markedly. These combined effects of greater efficiency per unit mass and a decline in mass meant that diet type did not affect the overall rate of SCFA and gas production per 40 g animal. Despite the fact that mole-rats consumed less food when given a diet 2.5 times higher in fibre (than that consumed on SP), these animals derived similar amounts of energy from their diet and maintained body mass. The advantages of this for a subterranean mammal randomly foraging by digging through compacted soil in the arid regions of North East Africa are, therefore, obvious.
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